We study the effect of the non-magnetic 3d atoms on the magnetic properties of the half-metallic (HM) semi-Heusler alloys Co1−xCuxMnSb and Ni1−xCuxMnSb (0 ≤ x ≤ 1) using first-principles calculations. We determine the magnetic phase diagram of both systems at zero temperature and obtain a phase transition from a ferromagnetic to an antiferromagnetic state. For low Cu concentrations the ferromagnetic RKKY-like exchange mechanism is dominating, while the antiferromagnetic superexchange coupling becomes important for larger Cu content leading to the observed magnetic phase transition. A strong dependence of the magnetism in both systems on the position of the Fermi level within the HM gap is obtained. Obtained results are in good agreement with the available experimental data.
In half-metallic semi-Heusler alloys with the chemical formula XMnZ, where X is a high-valent transition metal atom and Z a sp-element, the magnetization is usually confined to the Mn sublattice and the total magnetic moment assumes integer values given by the Slater-Pauling rule.
1 Additionally, the Mn-Mn distance is rather large and thus the 3d states belonging to different Mn atoms do not overlap considerably. The ferromagnetism of the Mn moments stems from an indirect exchange interaction mediated by the conduction electrons. Therefore, the magnetic properties of these systems strongly depend on the non-magnetic 3d (X) and sp (Z) atoms. Early measurements by Webster et. al., on several quaternary Heusler alloys as well as recent studies of Walle et. al., on AuMnSn 1−x Sb x demonstrated the importance of the sp electrons in establishing the magnetic properties.
2,3 On the other hand, the importance of the non-magnetic 3d atoms for the magnetism of Heusler alloys has been revealed recently by the experimental studies of Duong et. al., and Ren et. al. 4, 5 The authors have shown the possibility of tuning the Curie temperature of Co 1−x Cu x MnSb and Ni 1−x Cu x MnSb alloys by the substitution of Cu for Co and Ni, respectively. Furthermore, a phase transition from a ferromagnetic to an antiferromagnetic state is detected in both systems close to the stoichiometric composition (x ∼ 1). To reveal the nature of the magnetism in the Mn-based Heusler alloys Şaşıoglu et. al., performed systematic first-principles calculations focusing on the influence of the sp-electrons on the magnetic characteristics. The authors interpreted the obtained results using the Anderson s-d mixing model 8 and showed that the complex magnetic behavior of the Mn-based Heusler alloys can be described in terms of the competition of two exchange mechanisms: the ferromagnetic RKKY-like exchange and the antiferromagnetic superexchange.
Purpose of the given work is to investigate the influence of the non-magnetic 3d atoms on the magnetic properties of the half-metallic semi-Heusler alloys: Co 1−x Cu x MnSb and Ni 1−x Cu x MnSb. We determine the magnetic phase diagram of both systems at zero temperature. In agrement with the experiments we obtain a phase transition from a ferromagnetic to an antiferromagnetic state around x ≃ 0.8 and x ≃ 0.6 for the Co-based and Ni-based systems, respectively. The physical mechanisms behind the magnetic phase transition is revealed. The electronic structure calculations are performed using the full-potential non-orthogonal local-orbital minimumbasis band structure scheme (FPLO).
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We begin our discussion from the calculated magnetic moments. Fig. 1 presents the atom resolved and total magnetic moments in Co 1−x Cu x MnSb and Ni 1−x Cu x MnSb as a function of the Cu content for the ferromagnetic state. For comparison the Mn magnetic moment corresponding to the antiferromagnetic state is given. As seen from Fig. 1 , for x = 0 the corresponding parent compounds are half-metallic with total integer magnetic moments of 3µ B and 4µ B for CoMnSb and NiMnSb, respectively. As the Cu concentration increases the total spin magnetic moment follows the Slater-Pauling rule up to x ≃ 0.6 (x ≃ 0.2) for the Cobased (Ni-based) system and then it becomes almost constant. Thus the half-metallicity is retained up to these particular values of the Cu concentration. This can also be seen from the total density of states (DOS) shown in Fig. 3 where the Fermi level cross the spin minority states for the corresponding values of x. Furthermore, the variation of the total magnetic moment is around 1.25µ B in the Co-based systems which mainly comes from the Mn In order to confirm the experimentally observed magnetic phase transition we calculate the total energies corresponding to the FM and the AFM configurations of the Mn magnetic moments. The zero temperature magnetic phase diagram is determined as the difference of the corresponding total energies (E AF M − E F M ) and is presented in Fig. 2 . In agreement with the experiments for both compounds we obtain a phase transition from a ferromagnetic state to an antiferromagnetic one at a certain value of the Cu concentration, x. As seen from Fig. 2 the critical x value for the Ni-based alloys (x ≃ 0.6) is somehow smaller than the experimental value (0.9 < x < 1). While in the Co-based compounds the transition point (x ≃ 0.8) is closer to the measured value (0.9 < x < 1). Note that the HM character, as discussed above, is lost before reaching the transition point and the Fermi level crosses the minority-spin conduction band but the ferromagnetism persists up to the transition point.
As shown in Refs. 6 and 7 the observed magnetic phase transition in these systems can be qualitatively accounted for in terms of the competition of the ferromagnetic RKKY-like exchange and antiferromagnetic superexchange. Note that a detailed discussion of the exchange mechanism in local moment systems and applications to different systems can be found in Refs. 10 and 11. Here we will give the expressions for both exchange couplings in q → 0 limit for the analysis of the obtained results. For q = 0 he RKKY-like coupling takes a simple form which is
h , where V is the coupling between the Mn 3d levels and the conduction electron states. The mixing interaction V induces a spin polarization in the conduction electron sea, and the propagation of this polarization gives rise to an effective indirect exchange coupling between distant magnetic moments. D(ǫ F ) is the density of states at the Fermi level and E h is the energy required to promote an electron from the occupied 3d levels to the Fermi level. The value of the spin polarization of the conduction electrons can be used to estimate the relative contribution of this coupling. On the other hand, the superexchange coupling does not posses a simple limit; for q = 0 it becomes
, where the sum is taken over the unoccupied states and the terms in this sum drop off quickly as ǫ nk increases. Thus, the structure of the DOS above the Fermi level plays a key role in determining the strength of this coupling. Now we return back to the discussion of the phase diagram in terms of these two mechanisms. A qualitative information on the variation of the RKKY-like and superexchange contributions can be obtained from the analysis of the conduction electron spin polarization and from the structure of the DOS above the Fermi level. As seen in Figs. 2 and 3 when we substitute Cu for Co(Ni), the spin polarization decreases and at the same time the position of the Fermi level moves towards higher energies, i.e., the number of the states just above the Fermi level increases. This gives rise to an opposite behavior in the relative contributions of the exchange mechanisms: a decrease for the RKKY-like coupling and an increase in the superexchange mechanism. In large part of the phase diagram the former coupling is dominating. This is reflected as a correlation between the spin polarization and the total energy differences given in Fig. 2 . On the other hand, the superexchange coupling becomes important for larger values of the Cu concentration, i.e., for x > 0.5. As seen from Fig. 2 at the transition points both mechanisms compensate each other giving rise to a spin glass-like behavior. 12 Further increase of x leads to an antiferromagnetic order in both compounds due to the dominating character of the superexchange mechanism.
As discussed above the magnetic interactions in HM semi-Heusler alloys are sensitive to the width of the gap and the position of the Fermi level within the gap. Systems having large HM gaps and a Fermi level far from the right edge of the gap are strongly ferromagnetic and posses very high Curie temperatures. 13, 14, 15, 16 This is due to the fact that in this case the superexchange mechanism is less efficient since the gap in the spin-down channel decreases the number of available minority-spin states just above the Fermi level. Thus, the position of the Fermi level within the gap is an important parameter in determining the magnetic characteristics of the HM ferromagnets. These findings suggest a way for tuning the magnetic properties of the HM ferromagnets and allow the fabrication of materials with predefined characteristics. It should be noted that, as shown in Ref. 6 , the variation of the sp-electrons (Z atom) concentration is an alternative route for tuning the magnetic properties of the Heusler alloys. However, in HM compounds both kind of atoms give rise to similar effects as demonstrated by recent experiments.
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In conclusion, we study the effect of the non-magnetic 3d atoms on the magnetic properties of the halfmetallic Mn-based semi Heusler alloys Co 1−x Cu x MnSb and Ni 1−x Cu x MnSb (0 ≤ x ≤ 1) within the framework of the parameter-free density functional theory. We show that the magnetic interactions in these systems strongly depend on the position of the Fermi level within the gap. We show that for Cu concentrations preserving the half-metallic character the ferromagnetic RKKY-like exchange mechanism is dominating, while the antiferromagnetic superexchange coupling becomes important for larger Cu concentrations and it is responsible for the observed magnetic phase transition in both compounds. These findings can be used as a practical tool to design materials with given physical properties.
